Z. Synergistic effects of hypertension and aging on cognitive function and hippocampal expression of genes involved in ␤-amyloid generation and Alzheimer's disease. Am J Physiol Heart Circ Physiol 305: H1120 -H1130, 2013. First published August 16, 2013; doi:10.1152/ajpheart.00288.2013.-Strong epidemiological and experimental evidence indicate that hypertension in the elderly predisposes to the development of Alzheimer's disease (AD), but the underlying mechanisms remain elusive. The present study was designed to characterize the additive/synergistic effects of hypertension and aging on the expression of genes involved in ␤-amyloid generation and AD in the hippocampus, an area of brain contributing to higher cognitive function, which is significantly affected by AD both in humans and in mouse models of the disease. To achieve that goal, we induced hypertension in young (3 mo) and aged (24 mo) C57BL/6 mice by chronic (4 wk) infusion of angiotensin II and assessed changes in hippocampal mRNA expression of genes involved in amyloid precursor protein (APP)-dependent signaling, APP cleavage, A␤ processing and A␤-degradation, synaptic function, dysregulation of microtubule-associated protein, and apolipoprotein-E signaling. Aged hypertensive mice exhibited spatial memory impairments in the Y-maze and impaired performance in the novel object recognition assay. Surprisingly, hypertension in aging did not increase the expression of APP, ␤-and ␥-secretases, or genes involved in tauopathy. These genes are all involved in the early onset form of AD. Yet, hypertension in aging was associated with changes in hippocampal expression of APP binding proteins, e.g., [Mint3/amyloid ␤ A4 precursor protein-binding family A member 3 (APBA3), Fe65/ amyloid ␤ A4 precursor protein-binding family B member 1 (APBB1)], amyloid ␤ (A4) precursor-like protein 1 (APLP1), muscarinic M1 receptor, and serum amyloid P component, all of which may have a role in the pathogenesis of late-onset AD. The hippocampal gene expression signature observed in aged hypertensive mice in the present study provides important clues for subsequent studies to elucidate the mechanisms by which hypertension may contribute to the pathogenesis and clinical manifestation of AD.
elderly (23, 27) . The amyloid cascade hypothesis remains the most frequently invoked hypothesis to explain the cause of AD. It posits that altered production and/or processing of amyloid-␤ peptides, derived from amyloid precursor protein (APP), play a central role in the development of AD, a concept that is supported by substantial genetic and biochemical data. Yet, despite the old concept that the pathomechanisms of AD and vascular cognitive impairment are inherently different, recent clinical and experimental studies strongly suggest that cerebromicrovascular impairment plays a key role in the pathogenesis of AD as well (18, 21, 26, 47) . As predicted by the vascular hypothesis of AD (60) , many vascular risk factors, including hypertension, increase the probability to develop AD in the elderly. Although there are studies extant investigating the possible vascular mechanisms underlying the cognitive decline induced by hypertension (9, 20, 30) , the pathophysiological mechanistic links among hypertension, A␤ peptides, and the development of AD still remain elusive.
Recent experimental studies give further support for both the amyloid cascade hypothesis and the vascular hypothesis of AD by demonstrating that hypertension in mice (induced by transverse aortic coarctation) promotes A␤-deposition, which associates with cognitive decline (10 -12) . Importantly, in mice brain A␤ deposits are detectable as early as 4 wk after induction of hypertension (10 -12) , suggesting that hypertensioninduced cerebromicrovascular impairment is sufficient to trigger molecular processes leading to AD. The aforementioned studies implicate oxidative stress and neuroinflammation in the development of AD-like pathologies in hypertensive mice (10 -12) . Despite these advances, the cellular and molecular mechanisms by which hypertension affect neuronal function and phenotype in the brain are not well understood. Importantly, there are no studies extant characterizing the effect of hypertension on the neuronal gene expression.
Aging is the single most important risk factor for AD, but the interaction between aging and hypertension in the genesis of AD has not been understood. Our recent studies provide important evidence that aging exacerbates hypertension-induced cognitive decline and neuroinflammation (50) , likely because of the increased vulnerability of the aged cerebral microcirculation to the deleterious effects of hypertension. On the basis of these findings and recent data showing that neuroinflammation contribute to cognitive decline in hypertension (11) , we predict that aging may exacerbate hypertensioninduced alterations in hippocampal expression of AD-related genes.
The present study was designed to characterize the additive/ synergistic effects of hypertension and aging on the expression of genes involved in ␤-amyloid generation and AD in the hippocampus, an area of brain contributing to higher cognitive function, which is significantly affected by AD both in humans and in mouse models of the disease. To achieve that goal, we induced hypertension in young and aged C57BL/6 mice by chronic infusion of angiotensin II (ANG II) followed by tests for learning and spatial memory and assessment of changes in hippocampal expression of relevant genes.
METHODS
Animals. Young (3 mo, n ϭ 20) and aged (24 mo, n ϭ 20) male C57/BL6 mice were purchased from the National Institute on Aging and were housed 3-5/cage in the rodent barrier facility at University of Oklahoma Health Sciences Center. All mice were maintained under specific pathogen-free barrier conditions. Water and normal laboratory diet were available ad libitum. All procedures were approved by the Institutional Animal Use and Care Committees of the participating institutions.
Infusion of ANG II. To induce hypertension, Alzet mini-osmotic pumps (model 2006, 0.15 l/h, 42 days; Durect, Cupertino, CA) were implanted into young and aged mice. Pumps were filled either with saline vehicle or solutions of ANG II (Sigma Chemical, St. Louis, Mo) that subcutaneously delivered 1,000 ng·min Ϫ1 ·kg Ϫ1 of ANG II for 28 days (55) . Pumps were placed into the subcutaneous space of ketamine-xylazine anesthetized mice through a small incision in the back of the neck that was closed with surgical sutures. All incision sites rapidly healed without the need for any medication.
Blood pressure measurements. Systolic blood pressure of mice in each experimental group was measured by the tail-cuff method (CODA Non-Invasive Blood Pressure System, Kent Scientific, Torrington, CT) before and 4 wk after the minipump implantation.
Spatial memory testing of mice in Y-maze. Animals were tested for spatial working memory in Y-maze. The Y-maze apparatus, made up of three enclosed transparent Plexiglas arms (40 cm length ϫ 9 cm width ϫ 16 cm height) with extra-maze visual cues around the maze ( Fig. 2A ) was used to assess hippocampal-dependent spatial recognition memory. The test consisted of two trials separated by an intertrial interval (4 h). All mice were transported to the behavioral testing room in their home cages at least 1 h before testing. In the first training (acquisition) trial, mice were placed in the maze facing the end of a pseudorandomly chosen start arm and allowed to explore the maze for 5 min with one of the arms closed (novel arm). Mice were returned to their home cage until the second (retrieval) trial, during which they could explore freely all three arms of the maze. The time spent in each arm was measured and analyzed from video recordings. Mice were required to enter an arm with all four paws in order for it to be counted as an entry. The time spent in the novel arm was calculated as a percentage of the total time in all three arms during the 2-min retrieval trial. The maze was cleaned with 70% ethanol between the trials.
Novel object recognition test. The novel object recognition task was used to evaluate recognition memory (4) . The results of the novel object recognition test are influenced by both hippocampal and cortical impairment (2) . Previous studies demonstrate that the novel object recognition task is a sensitive indicator of cognitive decline in mouse models of AD. The novel object recognition task test consists of the habituation phase, the acquisition (familiarization) phase, and the trial phase (Fig. 2C) . During the habituation phase the animals explored for 5 min the empty open-field arena. In the acquisition phase, the mice then explored two identical objects during 2 min. After a 4-h delay, a trial phase occurred. During the trial period, animals explored the familiar object and a novel object for 2 min. Exploration of the objects was defined as directing the nose at a distance Յ2 cm to the object and/or touching it with the nose, whereas running around the object or sitting or climbing on it was not considered as an exploration. All objects used in this study were made of washable odorless plastic and were different in shapes and colors but identical in size. A percentage of time spent exploring the novel object relative to the total time spent exploring both objects was used as a measure of novel object recognition. The recognition index [RI, representing the time spent investigating the novel object (T novel) relative to the total object investigation] was used as the main index of retention, which was calculated according to the following formula: RI ϭ T novel/(Tnovel ϩ Tfamiliar) (2) . The arena and the objects were cleaned with 70% ethanol between the trials to prevent the existence of olfactory cues.
Quantitative real-time RT-PCR. At the end of the experimental period, mice were decapitated, the brains were removed, and the hippocampi were isolated. Total RNA was isolated with a Mini RNA Isolation Kit (Zymo Research, Orange, CA) and was reverse transcribed using Superscript III RT (Invitrogen) as previously described (3) . A quantitative real-time RT-PCR technique was used to analyze hippocampal mRNA expression of genes known to be involved in ␤-amyloid generation and AD using validated TaqMan Gene Expression Assays (Applied Biosystems) and a Strategen MX3000 platform, as previously reported (3) . Quantification was performed using the ⌬⌬Cq method. The relative quantities of the reference genes Actb, Hprt1, and Gapdh were determined, and a normalization factor was calculated based on the geometric mean for internal normalization. Fidelity of the PCR reaction was determined by melting temperature analysis and visualization of the product on a 2% agarose gel.
Statistical analysis. Data are expressed as means Ϯ SE and were analyzed using a one-way ANOVA, followed by Tukey's post hoc test. The time in the novel arm comparison with the other arms of the Y-maze within a group was performed by Student's paired t-test. Significance was set at P Ͻ 0.05.
RESULTS
Hypertension in aging elicits significant decline in hippocampal cognitive function. Blood pressure was significantly increased in both young and aged mice receiving ANG II infusion, as shown in Fig. 1 .
For the hippocampus-dependent spatial memory test, young normotensive mice spent significantly (P Ͻ 0.05) more time in the novel arm than the previously visited arms following the intertrial interval. The time spent in the novel arm in both young hypertensive mice (by ϳϪ15%) and aged mice (by ϳϪ15%) tended to decrease, compared with that in young control mice, although the differences did not reach statistical significance. For old hypertensive mice, time in the novel arm was significantly decreased (by ϳϪ25%), indicating that these mice had significant hippocampal spatial memory impairments.
Subsequently, we also tested the performance of the mice in the novel object recognition assay. We found no significant difference in the time that mice from each group spent exploring the two identical objects placed at the opposite ends of the arena during the acquisition phase, confirming that the location of the objects does not affect the exploration behavior of mice. In the trial phase with two different objects (one novel, the other familiar), young normotensive mice explored the novel object for a significantly longer time period, with a calculated RI of ϳ76%, indicating their memory for the familiar object (Fig. 2D ). In contrast, both young hypertensive mice and aged normotensive mice had a significantly lower RI at ϳ63 and 55%, respectively, which is consistent with their impaired cognitive function (Fig. 2D ). When hypertension was induced in the aged mice, it further decreased the RI in aged mice to ϳ47% (Fig. 2D) , reflecting the additive effect of aging and hypertension to cause cognitive decline.
Effects of hypertension and aging on the hippocampal expression of APP and genes involved in APP-dependent signaling. Neither hypertension nor aging altered the expression of App (amyloid ␤ A4 precursor protein), Apba1 [amyloid ␤ (A4) precursor protein-binding, family A, member 1; MUNC18-interacting protein 1 (MINT-1)] and Apba2 [amyloid ␤ (A4) precursor protein-binding, family A, member 2; MINT-2] in the mouse hippocampus (Fig. 3A) . Importantly, hypertension in aged mice significantly decreased the expression of Apba3 [amyloid ␤ (A4) precursor protein-binding, , and Appbp1 (NEDD8-activating enzyme E1 regulatory subunit), whereas hypertension in young mice was without effect (Fig. 3) .
Effects of hypertension and aging on the hippocampal expression of ␣-, ␤-, and ␥-secretases. The effects of hypertension and aging on the expression of ␣- (Fig. 4A ), ␤-( and ␥-secretases (Fig. 4C) were assessed in the mouse hippocampus. We found that aging tended to increase the expression of Adam9 (ADAM metallopeptidase domain 9). Aging and hypertension did not alter the expression of Adam10 (ADAM metallopeptidase domain 10), and Adam17 (ADAM metallopeptidase domain 17; TNF-␣ converting enzyme/ TACE) (Fig. 4A) . Hypertension tended to downregulate Bace1 (␤-site APP-cleaving enzyme 1; ␤-secretase) both in aged mice, whereas expression of Bace2 (␤-site APP-cleaving enzyme 2) did not show the same pattern (Fig. 4B) . We found that aging and hypertension did not alter the expression of Psen1 (presenilin 1, PS-1), Psen2 (presenilin 2), Aph1a [anterior pharynx defective 1 homolog A (Caenorhabditis elegans); ␥-secretase subunit APH-1A; Presenilin-stabilization factor] and Aph1b [anterior pharynx defective 1 homolog B (C. elegans); ␥-secretase subunit APH-1B; Presenilin-stabilization factor-like], Psenen [presenilin enhancer 2 homolog (C. elegans)], and Ncstn (nicastrin) (Fig. 4C) .
Effects of hypertension and aging on the hippocampal expression of genes involved in a␤ processing and a␤ degradation. We also assessed the effects of hypertension and aging on the expression of genes involved in A␤ processing ( Fig. 5A ) and A␤-degradation (Fig. 5B ) in the mouse hippocampus. We found that neither aging nor hypertension affected the expression of cathepsins Ctsb (cathepsin B), Ctsc (cathepsin C), and Ctsd (cathepsin D) and Pld1 (phospholipase D1; Fig. 5A ). In contrast, hypertension in aging was associated with a marked upregulation of expression of Ctsg (cathepsin G; Fig. 5A ). Aging and hypertension did not alter the expression of Mme (membrane metallo-endopeptidase) and Uchl1 (ubiquitin carboxyl-terminal esterase L1; Fig. 5B ) PKC isoforms are also involved in the processing of the APP and PKC activators exert therapeutic effects of in mouse models of AD. Among the protein kinase C-related genes investigated, neither aging nor hypertension altered the expression of Prkcb1 (protein kinase C, ␤), Prkce (protein kinase C, ε), and Prkca (protein kinase C, ␣). Hypertension decreased expression of Prkcc (protein kinase C, ␥) in aged mice, but it was without effect in young mice (Fig. 5C ). The expression of Serpina3n [serpin peptidase inhibitor, clade A (␣-1 antiproteinase, antitrypsin), member 3] tended to be upregulated in hypertensive aged animals (P ϭ 0.06 vs. young ϩ ANG II), whereas hypertension in young animals was without effect (Fig. 5C ). Neither aging nor hypertension affected the expression of insulin-degrading enzyme (Ide) and endothelin-converting enzymes (Ece1), both of which are capable of degrading A␤ (Fig. 5D) .
Effects of hypertension and aging on the hippocampal expression of postsynaptic neurotransmitter receptors. In the present study hypertension in aged mice, but not in young mice, was associated with downregulation of Chrm1 (muscarinic M 1 acetylcholine receptor; Fig. 6 ). Expression of Chrna4 (neuronal acetylcholine receptor subunit ␣-4), Chrna7 (cholinergic receptor, nicotinic, ␣ 7), Grin1a (NMDAR1), Grin2a (glutamate receptor, ionotropic, N-methyl-D-aspartate 2A; NMDAR2A), Grin2b (NMDAR2b), Grin2c (NMDAR2C), and Grin2d (NMDAR2D) was unaffected by aging and hypertension (Fig. 6) .
Effects of hypertension and aging on the hippocampal expression of genes involved in taupathies. Hypertension in aged mice significantly decreased hippocampal expression of Mapt (microtubule-associated protein ) and Csnk1d (casein kinase 1, ␦), which tended to be upregulated in aged normotensive mice, whereas hypertension was without effect in young mice (Fig. 7) . Neither aging or hypertension significantly alters the expression of Mapk1 (mitogen-activated protein kinase 1), Mapk3 (mitogen-activated protein kinase 3), Ppp2ca (protein phosphatase 2, catalytic subunit, ␣-isozyme), Csnk1a1 (casein kinase 1, ␣1), Capns1 (calpain, small subunit 1) and Casp6 (caspase 6) compared with young controls (Fig. 7) . Expression of Capn1 (calpain 1, /I large subunit) was decreased in aged hypertensive mice compared with young hypertensive mice. Hypertension in aged mice decreased the expression of Cdk5r1 (cyclin-dependent kinase 5, regulatory subunit 1; p35), Pkn1 (protein kinase N1) and Prkacb (protein kinase, cAMP-dependent, catalytic, ␤), whereas it was without effect in young mice (Fig. 7) .
Effects of hypertension and aging on the hippocampal expression of caspase 3, serum amyloid P (SAP), and genes involved in apolipoprotein-E signaling. We found that hypertension did not affect the expression of Apoe (apolipoprotein E, which modulates APP proteolytic processing and localization), the ApoE receptor Lrp1 [low-density lipoprotein receptorrelated protein 1, which is a major A␤ clearance receptor in cerebral vascular smooth muscle cell acting to prevent A␤ accumulation (29) ], and Lrpap1 (low-density lipoprotein receptor-related protein-associated protein 1, which is involved with trafficking of LRP1) in the mouse hippocampus (Fig. 8A) . Aging was associated with an increased expression of Casp3 (caspase 3) in the mouse hippocampus (Fig. 8B) . Hypertension tended to increase hippocampal expression of Casp3 in aged mice, whereas it was without effect in young mice (Fig. 8B) . Hypertension significantly increased hippocampal expression of Apcs (SAP) in aged mice, whereas its effect did not reach statistical significance in young mice (Fig. 8C) .
DISCUSSION
The results of this study suggest that increased vulnerability of the aged cerebral microcirculation to hypertension is associated with dysregulation of hippocampal expression of distinct genes involved in AD.
It is commonly accepted that AD is associated with a progressive decline in several forms of declarative memory. Here we report that hypertension in aging (Fig. 1 ) results in significant spatial memory deficits in mice, as shown by the Y-maze and the novel object recognition tests (Fig. 2) . In the novel object recognition memory formation, dorsal hippocampus plays an important role, and if there are lesions or functional impairment in this structure, moderate and reliable anterograde memory impairment will occur (2). The synergistic negative effect of aging and hypertension on hippocampally encoded functions of learning and memory have been recently confirmed also using the elevated plus maze learning protocol (50) . The aforementioned findings provide evidence that the presence of hypertension in aging is sufficient to trigger significant impairment of hippocampal function, mimicking aspects of mild cognitive impairment.
Previous studies provide evidence that in addition to the established association of high blood pressure with cerebrovascular lesions and vascular cognitive impairment, there is a direct relationship between high blood pressure and pathogenesis of AD. Morphological analysis of brains from deceased members of the Honolulu Heart Program/Honolulu-Asia Aging Study (HHP/HAAS) cohort demonstrate that elevated systolic blood pressure, (Ն160 mmHg) in midlife is associated with an increased presence of neuritic plaques in both the neocortex and hippocampus (40) . In addition, increased diastolic pressure (Ն95 mmHg) was also associated with increased presence of neurofibrillary tangles in the hippocampi (40) . Similar conclusions were reached by other studies as well (49) . Importantly, the use of antihypertensive medication in elderly patients is associated with lower AD neuropathology (25) . Epidemiological studies suggest that in addition to the increased prevalence of hypertension in older individuals, the deleterious cerebrovascular effects of hypertension are also exacerbated in elderly patients (6, 33, 43) . As predicted on the basis of the vascular hypothesis of AD, treatment of hypertension resulted in a 19% and 50% reduction in dementia incidence in the elderly in the Perindopril Protection Against Recurrent Stroke Study (PROGRESS) (42) and Systolic Hypertension in Europe (Syst-Eur) (17) studies, respectively. Among elderly patients with hypertension with mild cognitive impairment, the Study on Cognition and Prognosis in the Elderly (SCOPE) also found evidence suggesting that treatment with candesartan (an ANG II type 1 receptor antagonist) may prevent cognitive decline (51) . There are data available suggesting that treatment of hypertension with diuretics may also be associated with reduced incidence of AD (31), although more robust evidence is evidently needed (37) . In contrast, in a recent small-scale study treatment of patients at risk for AD with ramipril (an angiotensin-converting enzyme inhibitor) did not affect A␤(1-42) levels in the cerebrospinal fluid and did not improve cognition (58) . There are studies extant showing that angiotensin-receptor blockers also confer protection against AD in mouse models (52) . In addition, propranolol, a ␤-receptor antagonist antihypertensive drug, was also reported to ameliorate the cognitive impairments and inhibit AD-related processes in the senescence-accelerated (SAMP8) mice (16) .
Multiple lines of experimental evidence suggest that hypertension-induced cerebromicrovascular impairment precedes/ triggers cognitive decline and AD neuropathology. First, experimental hypertension was shown to induce early cerebromicrovascular oxidative stress and vasomotor dysfunction in mice (8, 9, 30), which are associated with impaired cognitive performance and accumulation of amyloid-␤ (10 -12) . Second, induction of hypertension in APP(swe) Tg2576 mice is associated with a significant increase of the accumulation of amyloid-␤ in the brain (15) . Our recent studies (50) demonstrate that aging impairs functional adaptation of cerebral vessels to high blood pressure, which exacerbates hypertension-induced microvascular damage. Downstream consequences of cerebrovascular autoregulatory dysfunction in aged hypertensive mice include exacerbated microvascular injury, disruption of the blood-brain barrier, microglia activation and neuroinflammation (50) . To determine whether hypertension-induced microvascular alterations and chronic low-grade neuroinflammation in aged mice were sufficient to trigger early processes involved in the development of AD, we studied hippocampal expression of genes involved in regulation of the cellular APP-dependent signaling pathways, ␤-amyloid generation and processing, postsynaptic neurotransmitter receptor expression, the pathogenesis of tauopathy and ApoE signaling.
APP is an integral membrane protein abundantly expressed in the neuronal synapses. It has important signaling roles, regulating the formation of synapses, long-term potentiation and neural plasticity. In AD its proteolysis generates ␤ amyloid (A␤), the main component of amyloid plaques. Interestingly, neither hypertension nor aging affect cerebral expression of App (Fig. 3) . In contrast, aging exacerbated hypertensioninduced downregulation of mRNA expression of multiple APP-binding proteins, including APBA3, APBB1, APBB2, APBB3, APLP1, APLP2, and APPBP1 (Fig. 3) . APBA1, -2 and -3 are synaptic adapter proteins best known for their interaction through the PTB domain with the C-terminal part of APP (5) and binding to synaptic proteins involved in exocytosis. Among those the best known interaction happens with MUNC18-1, therefore this protein group is also called as MINTs. Overexpression of APBAs (MINTs) in HEK293 cells were reported to reduce ␤-amyloid production (46) by regulating the traffic of APP from the trans-Golgi network. Haploefficiency of APBA1 in vivo had an enhanced AD pathology in heterozygous knockout mice (44) , whereas effect of reduced APBA1 and 2 levels in double knockout mice decreased amyloid secretion (24) . APBB1 (FE65) is a nuclear adaptor protein, and its genetic depletion was shown to impair performance in learning and memory tasks, with a striking deficit in reversal spatial learning (56). APBB1 and APBB2 (FE65L1) interact with the cytoplasmic tail of APP and were demonstrated to potently stimulate transcription (7) . Interestingly, overexpression of APP-cytoplasmic tail and Fe65 in a transgenic mouse strain induces neurofibrillary tangle formation and marked memory deficits by 8 mo of age, followed by neurodegeneration (19) . Genetic depletion of both APBB1 and APBB2 results in cortical dysplasia (22) . APBB3 is expressed in the cytoplasm and binds to the intracellular domain of the APP and may modulate its internalization. APLP1 is a membrane-associated glycoprotein that is cleaved by secretases, but this cleavage does not produce ␤-amyloid. The intracellular cytoplasmic fragment of APLP1 is believed to act also as a transcriptional activator, which plays a role in synaptic maturation. APLP2 is essential for normal synaptic transmission, spatial learning, and longterm potentiation (57) . APPBP1 is thought to contribute to the regulation of neurogenesis. In addition, APPBP1 may inhibit A␤42 production by interacting with presenilin-1 (14) .
It has been well established that generation of the amyloid-␤ peptides that form aggregates in the brain of AD patients requires two sequential cleavages of APP. Extracellular cleavage of APP by ␤-secretases results in the release of a soluble extracellular fragment and a cell membrane-bound fragment. Cleavage of the later fragment within its transmembrane domain by ␥-secretase produces amyloid-␤. ␣-Secretases are a family of proteolytic enzymes that cleave APP in its transmembrane region closer to the cell membrane than ␤-secretases. Initial cleavage of APP by ␣-secretases rather than ␤-secretases prevents the generation of amyloid-␤, and therefore it is considered to be part of the non-amyloidogenic pathway in APP processing. Because hypertension in mice was shown to increase amyloid-␤ deposition (12) , in the present study we assessed the effects of hypertension and aging on the expression of ␣- (Fig. 4A ), ␤- (Fig. 4B ) and ␥-secretases (Fig. 4C) in the mouse hippocampus. We found that hypertension does not increase expression of ␤-secretases, yet the possibility cannot be excluded that it alters ␤-secretase activity. The ␥-secretase complex consists of presenilin (which regulates proteolysis of APP and affect its intracellular trafficking), nicastrin (which promotes the maturation of the other proteins in the ␥-secretase complex), APH-1 (which is required for proteolytic activity), and presenilin enhancer 2 (which facilitates the ␥ cleavage of APP into ␤-amyloid). We found that aging and hypertension did not alter the expression of Psen1, Psen2, Aph1a and Aph1b, Psenen, and Ncstn (Fig. 4C) . Aging, but not hypertension, tended to increase the expression of Adam9, which has ␣-secretase activity. In contrast, aging and hypertension did not alter the expression of the ␣-secretases Adam10 and Adam17 (Fig. 4) .
Among the factors involved in A␤ processing and A␤-degradation (Fig. 5) , hypertension in aging was associated with upregulation of cathepsin G, a chymotrypsin-like protease that is capable of cleaving APP to generate several breakdown products (45) . Yet, previous reports suggest that cathepsin G in the AD brain is predominantly localized to leukocytes (45) , and presently it is unclear whether cathepsin G contributes to amyloid deposition in the brain in AD. Further studies are warranted to elucidate the cellular localization and pathophysiological role of cathepsin G in aged hypertensive mice. Interestingly, hippocampal expression of the gene Serpina3n encoding the acute phase protein ␣-1 antichymotrypsin (serine protease inhibitor A3) also tended to increase in aged hypertensive mice. Serine protease inhibitor A3 is an inhibitor of several proteases including cathepsin G and its expression in the vascular wall is known to be upregulated in atherosclerosis (54) . The function of serine protease inhibitor A3 in the brain is not completely understood. It is believed to associate with ApoE and protein amyloid ␤ and is an integral component of the plaques in AD (41) .
In previous studies the hippocampal levels of postsynaptic neurotransmitter receptors have been directly correlated with cognitive performance, particularly on spatial learning and memory tasks. Among the postsynaptic receptors tested in this study, hypertensive aged mice exhibited the greatest decline in the expression of M 1 muscarinic acetylcholine receptor gene (Fig. 6) . The M 1 muscarinic acetylcholine receptor is the most densely distributed muscarinic receptor in the hippocampus contributing to learning and memory (1) . Mice with genetic depletion of this receptor exhibit reduced long-term potentiation in the hippocampus and cognitive impairment (1) . Thus the potential role of M 1 receptor dysregulation in hypertension induced cognitive decline in aged mice should be considered in future studies. Recent studies show that in P301L-tauTg mice hypertension exacerbates the progression of motor dysfunction associated with tauopathy (15) . Yet, in the present study hypertension did not affect significantly the expression of genes, which are involved in abnormalities of microtubuleassociated protein (Fig. 7 ).
Recent studies demonstrate that patients with AD exhibit significant increases both in synaptic procaspase-3 and active caspase-3 expression levels, suggesting that caspase 3 may play an important role in synapse degeneration during progression of AD (35) . In that regard it is significant that aging and hypertension exert synergistic effect, upregulating hippocampal expression of caspase 3 (Fig. 8) . Here we report for the first time that hypertension in aging is associated with upregulation of SAP component in the brain (Fig. 8) . SAP, a pentraxin like C-reactive protein (51% sequence homology), is involved in innate immunity. SAP is always present in the cerebral and cerebrovascular amyloid lesions in patients with AD and is believed to stabilize aggregates by preventing proteolytic cleavage (32) . Increased level of SAP may also contribute to neuronal death (32) as SAP is toxic and induces apoptosis of neurons at the nanomolar concentration (53) . Importantly, scintigraphy with circulating 123 I-SAP component in AD revealed no detectable localization of tracer within the brain (36) , suggesting that increased expression of SAP in the brain of patient with AD (38) may significantly contribute to the development of plaques. Important for the present discussion, recent studies demonstrate that SAP is produced by vascular smooth muscle cells in the brain (39) ; that in AD prominent perivascular SAP, component staining can be observed in the affected gray matter (39) ; and that expression is also upregulated in animal models of vascular disease (48) . Furthermore, data from the Cardiovascular Health Study show that SAP associates with vascular disease in humans (28) . Previous studies showed that expression of SAP in cultured hepatocytes is regulated by cytokines, including IL-6 (34, 59) . Importantly, hypertension in aging is associated with exacerbation of neuroinflammation, including upregulation of inflammatory cytokines (e.g., IL-6) in the hippocampus (50) . There appears to be a positive correlation between expression of IL-6 and expres-sion of SAP in the hippocampus (Fig. 8) , supporting the hypothesis that increased SAP expression may be secondary to the heightened inflammatory status of the hippocampi in aged hypertensive mice.
Limitations of the study. A number of important limitations of the present study need to be considered. First, we do not have data on protein expression of the investigated target genes. Second, as many proteins are known to be modulated at the posttranslational level in their contributions to Alzheimer pathology, further studies are needed to investigate the interaction of aging and hypertension both at the translational and at the posttranslational levels as well. Third, previous studies demonstrate that in addition to the effects of hypertensionmediated cerebromicrovascular injury, ANG II can directly affect neuronal function. For example, a recent study provides evidence that ANG II significantly increases production of reactive oxygen species via a mitochondrial-localized NADPH oxidase 4-dependent manner (13) . Thus further studies should elucidate the mechanistic roles of hypertension per se and ANG II in neuronal dysfunction and cognitive decline in aged mice with ANG II-induced hypertension.
Conclusion. In conclusion, the hippocampal gene expression signature observed in aged hypertensive mice in the present study provides important clues for subsequent studies to elucidate the mechanisms by which hypertension may contribute to the pathogenesis and clinical manifestation of AD. Further studies are evidently needed to determine whether pharmacological treatments that confer microvascular protection or antiinflammatory effects will attenuate hypertension-induced alterations in neuronal gene expression preventing/delaying cognitive decline. 
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